Zhu Y, Ye J, Huizinga JD. Clotrimazole-sensitive K ϩ currents regulate pacemaker activity in interstitial cells of Cajal. Am J Physiol Gastrointest Liver Physiol 292: G1715-G1725, 2007. First published March 6, 2007; doi:10.1152/ajpgi.00524.2006.-Interstitial cells of Cajal (ICC) are pacemaker cells for gut peristaltic motor activity. Compared with cardiac pacemaker cells, little is known about mechanisms that regulate ICC excitability. The objective of the present study was to investigate a potential role for clotrimazole (CTL)-sensitive K currents (ICTL) in the regulation of ICC excitability and pacemaker activity. ICC were studied in situ and in short-term culture by using the whole cell patch-clamp configuration. In situ, ICC exhibited spontaneous transient inward currents followed by transient outward currents. CTL blocked outward currents, thereby increasing the net inward currents, and depolarized ICC, thereby establishing CTL-sensitive channels as regulators of ICC pacemaker activity. In short-term culture, a ICTL was identified that showed increased conductance when depolarized from the resting membrane potential to 0 mV and subsequent inward rectification at further depolarized potentials. The ICTL markedly increased with increasing intracellular calcium and was insensitive to the ether-à-go-go-related K channel blocker E-4031 and the large-conductance calcium-activated K channel blocker iberiotoxin. ICTL contributed 3-9 nS to the whole cell conductance at 0 mV membrane potential under physiological conditions; it was fast activating ( ϭ 88 ms), showed little time-dependent inactivation, and exhibited a deactivation time constant of 38 ms. The nitric oxide donor sodium nitroprusside (SNP) increased ICTL. Single-channel activity, activated by calcium and SNP, was inhibited by CTL, with a single-channel conductance of ϳ38 pS. In summary, ICC generate a ICTL on depolarization through an intermediate-conductance calcium-activated K channel that regulates pacemaker activity and ICC excitability.
INTERSTITIAL CELLS OF CAJAL (ICC) regulate slow-wave-driven peristaltic activity in the stomach and intestine as the primary pacemaker cells (15, 33) , and ICC abnormalities are associated with many intestinal motility disorders (40) . Thus understanding the mechanisms underlying pacemaker activity and ICC excitability is of crucial importance (6, 19, 29) , yet little is known about the chain of events between oscillating "messengers" in the cell and activation of ion channels that generate the slow wave in membrane potential. Some evidence suggests that calcium plays a crucial role in activating the ion channels that evoke depolarization (13, 17, 38, 50) . Important studies have revealed spontaneous calcium oscillations in ICC, in synchrony with those of smooth muscle cells and occurring at the pacemaker frequency (39, 46) . Hence of particular interest are those events that are regulated by rhythmic fluctuations of intracellular calcium either directly or indirectly via nitric oxide (7, 25) . Therefore, it appears reasonable to hypothesize that calcium-activated K channels (K Ca ) regulate ICC excitability, but few studies have addressed this (29) . While conducting studies on the voltage-dependent ether-à-go-go-related (ERG) K channel (48) , we observed that the ERG currents coexisted with clotrimazole (CTL)-sensitive outward currents, which prompted us to study a potential role for CTL-sensitive K currents (I CTL ) in ICC pacemaking.
MATERIALS AND METHODS
Cell culture and in-situ ICC-Auerbach's plexus preparation. Explant preparations from the jejunum of CD1 neonatal mice were isolated by sharp dissection without enzymatic digestion as described elsewhere (12, 35) . Recordings were obtained from single, mechanically active ICC identified by vital staining with c-kit antibody coupled to Alexa 488 (12) or by morphological criteria before patching and methylene blue staining afterward (12) . The superfusion with methylene blue (10 -100 nM, 15-40 min) was followed through the microscope and was switched back to physiological solution once the cell stained pink. Washout of methylene blue left the ICC associated with Auerbach's plexus (ICC-AP) dark due to irreversible accumulation in the sarcoplasmic reticulum. In live tissue, methylene blue selectively accumulates in the sarcoplasmic reticulum of ICC-AP but not ICC associated with the deep muscular plexus (16, 36) . Some experiments were conducted in a longitudinal muscle-myenteric plexus preparation, developed by W. A. Kunze and colleagues (20) , to record from ICC-AP in intact tissue of the mouse jejunum.
Electrophysiology. Before patch-clamping a cell, offset potentials were eliminated. The transients of the seal formation were minimized by adjustment of the access resistance controls of the amplifier (Axopatch 1D and Axopatch 200B; Axon Instruments, Sunnyvale, CA). The standard whole cell patch-clamp configuration was used on cultured cells that were continuously superfused with modified Tyrode solution (subsequently referred to as the standard bath solution) containing (in mM) 135 NaCl, 5.4 KCl, 2 CaCl 2, 0.8 MgCl2, 0.33 NaH2PO4, 5 HEPES, and 5.5 glucose (pH 7.35 with NaOH). The standard pipette solution contained (in mM) 115 K-gluconate, 25 KCl, 5 NaCl, 1 CaCl 2, 10 HEPES, 2.5 ATP-Mg, and 1.12 EGTA. In some experiments a 0 mM Mg 2ϩ solution was used, containing (in mM) 100 K-aspartate, 30 KCl, 5 HEPES, 5 ATP-Na 2, 1 CaCl2, 0.1 GTP, and 1.12 EGTA. Modifications to the solutions are indicated in the text. All experiments were conducted at room temperature (ϳ23°C). One approach employed to study effects of changes in intracellular calcium was to remove the patch pipette from the cell and perform a second recording with a pipette containing a different calcium concentration. This can succeed because of rapid resealing of the cell membrane after removal of the pipette (8, 45) . The pipette tip resistance ranged from 4 to 5 M⍀. The seal was considered sufficient when the holding current at Ϫ60 mV was Ͻ4 pA. The cell capacitance was Ͻ20 pF. Junction potentials were subtracted when present. Results were expressed as means Ϯ SE, where n is number of cells. The statistical significance of differences in the means was determined by the Student's t-test or the ANOVA test for repeated measures wherever appropriate. Differences were considered significant at P Ͻ 0.05. CTL (Sigma) was dissolved in DMSO with bovine serum albumin or dissolved in Tyrode solution by using ultra sonic vibration.
RESULTS
K currents in positively identified ICC. Isolated, single ICC were obtained from neonatal explants in short-term culture, in a nonenzymatic manner (Fig. 1, A and B) . The ICC were identified by their shape as small triangular cells with long A: c-kit-positive ICC in short-term culture (4 days). Recordings from the asterisk-marked cell are shown in D-F. B: other ICC were identified by morphology, recorded from, and identified by methylene blue uptake after recordings were obtained. ICC attached to deep muscular plexus do not accumulate methylene blue (34) . C: voltage protocol for current activation. Depolarizing pulses of 400-ms duration were applied from a holding potential of Ϫ80 mV, stepping from Ϫ80 to ϩ100 in 20-mV increments. D-F: recordings using standard bath and pipette solutions as indicated in MATERIALS processes ( Fig. 1, A and B) , c-kit positivity (Fig. 1A) , and/or ability to accumulate methylene blue (Fig. 1B) . Staining with anti c-kit antibody coupled with Alexa 488 was done before patching, whereas staining with methylene blue occurred after recording. Depolarization of ICC by voltage commands evoked outward currents that included K ϩ currents through large-conductance K Ca (BK Ca ) channels as determined by their sensitivity to iberiotoxin (IbTX) (49) , through ERG K channels as determined by their sensitivity to E-4031 (48), through 4-aminopyridine-sensitive currents (Park S, Zhu Y, and Huizinga JD, unpublished observations), and through CTL-sensitive currents as described in the present study. The relative contribution of the different channels to the total outward current in ICC was variable, similar to recent observations in neurons (31) .
CTL-sensitive currents in ICC. Outward currents were evoked on depolarization from a holding potential of Ϫ80 mV. Voltage steps up to ϩ100 mV were applied in either 20-or 10-mV increments (Fig. 1C) . In 70 out of 185 ICC tested, a I CTL contributed to Ն50% of the total outward current with a maximum amplitude of 436 Ϯ 122 pA, ranging from 300 to 800 pA when physiological solutions were used (Fig. 1, D 
-G).
At 0 mV membrane potential, this contributed ϳ3-9 nS to the whole cell conductance. Of the 70 cells studied, 67 showed a current profile, as shown in Fig. 1D . Addition of CTL inhibited a significant portion of the outward currents (Fig. 1E) ; a typical profile of I CTL in ICC is shown in Fig. 1F . When current was evoked from Ϫ80 to 0 mV, 10 nM CTL inhibited the maximum current by 22 Ϯ 3% (n ϭ 3; P Ͻ 0.05), 100 nM CTL inhibited the current by 35 Ϯ 16% (n ϭ 9; P Ͻ 0.01), and 1 M CTL inhibited the current by 78 Ϯ 19% (n ϭ 23; P Ͻ 0.01). The I CTL in these cells exhibited a steep current-voltage relationship; that is, the voltage range that saw current develop from small to maximal was narrow, from approximately Ϫ40 to approximately 0 mV (Fig. 1, G and H) . The whole cell conductance increased on depolarization from Ϫ70 to 0 mV and dropped to ϳ50% of maximal value when further depolarized to 80 mV (Fig. 1I) . Hence the I CTL in ICC showed marked inward rectification at depolarized potentials positive to 0 mV. The shape of the curve was not dependent on the anion present (41) nor on Mg 2ϩ in the pipette, because substitution of chloride by gluconate (n ϭ 12), by MeSO 4 Ϫ (n ϭ 3), or by K-aspartate, as well as omission of Mg 2ϩ (see MATERIALS AND METHODS; n ϭ 3), did not alter current-voltage relationships (not shown). From current-voltage relationships, the reversal potential of the I CTL was determined to be Ϫ72.8 Ϯ 6.2 mV, Of the 70 cells, 3 exhibited a current profile that did not show inward rectification at depolarized potentials. CTL (1 M) inhibited the current by 56.8 Ϯ 9.4%; the current-voltage relationship of this CTL-sensitive current was linear positive to Ϫ40 mV. Experiments shown in the remainder of this study do not pertain to this current profile.
ICC that showed inward rectification at depolarized potentials did not significantly respond to a combination of IbTX (1 M; blocking BK Ca ) and E-4031 (1 M; blocking ERG channels) but showed inhibition by 1 M CTL of ϳ48 -87% (n ϭ 7), indicating that the I CTL was not sensitive to IbTX and E-4031. Ba 2ϩ reduced I CTL , and quantification at a pulse potential of ϩ20 mV showed inhibition by 44 Ϯ 18 and 90 Ϯ 3% at 30 and 100 M, respectively (n ϭ 5).
The physiological significance of I CTL . The significance of the I CTL for the electrophysiology of ICC was revealed by the effects of CTL on spontaneous rhythmic currents (voltage clamp) or associated rhythmic depolarizations (current clamp) in ICC from the longitudinal muscle-myenteric plexus preparation. ICC-AP were identified at the edges of the myenteric plexus ganglia, aided by staining with the use of c-kit antibody (ACK2) or methylene blue.
Rhythmic inward currents were recorded for 4 -90 min, and thereafter the activity diminished, presumably because of washout of essential intracellular components. In the experiment shown in Fig. 2, D and E, rhythmic inward currents were maintained for 60 min at Ϫ50 mV. The inward currents were followed by "rebound" outward currents. Addition of CTL (1 M) abolished the outward currents and increased the ampli- tude of the inward currents by 10 -30% ( Fig. 2E ; n ϭ 4; P Ͻ 0.05). Hence CTL-sensitive K ϩ currents influenced the amplitude of the pacemaker currents. When ICC were recorded in current clamp, typical slow-wave activity was recorded from a membrane potential of Ϫ70 Ϯ 6.2 mV, the frequency of the slow wave was 14 Ϯ 6 cycles/min, the amplitude was 27 Ϯ 11 mV, and the duration was 2.2 Ϯ 1.2 s. CTL (1 M) depolarized the cells 10 Ϯ 2 mV, the plateau duration of slow waves increased to 4 Ϯ 2 s, and the frequency decreased to 6 Ϯ 3 cycles/min (Fig. 2, A-C; n ϭ 5) .
K and Ca dependence of total mixed whole cell outward currents in ICC with a marked inward rectification at depolarized potentials. In 12 ICC that showed marked inward rectification at depolarized potentials, each isolated from different cultures, the K ϩ and Ca 2ϩ dependency of the outward currents was investigated (Fig. 3A) . In the absence of Kchannel blockers, the total current reversal potential (E rev ) shifted in the positive direction when the [K (Fig. 3F ), 40 mM (not shown), and 100 mM (Fig. 3G) Fig. 3H ). E K values obtained by using the Nernst equation were Ϫ81.5, Ϫ31.5, and Ϫ8.4 mV, respectively.
Ramp protocols were employed to study the effect of reducing intracellular Ca 2ϩ by BAPTA-AM (5 mM, Fig. 4Aa ). The holding potential was kept at Ϫ60 mV for 450 ms, followed by the voltage ramp starting at Ϫ120 up to 120 mV over 1 s. After exposing the cell to BAPTA-AM for 3 min, the magnitude of outward currents decreased 33 Ϯ 10% at 0 mV (n ϭ 6; Fig. 4A,  b and c) ] o of 10 nM significantly reduced the current amplitude (n ϭ 5; Fig. 4B, b  and c) . Increasing [Ca 2ϩ ] o from 2 mM (Fig. 4 , Bd) to 10 mM did not increase this current (Fig. 4Be) , although the time constant of inactivation decreased markedly (n ϭ 4; Fig. 4Bf ) .
Isolation of I CTL . Within the mixed outward currents, the I CTL was almost exclusively a K current, investigated by studying reversal potential changes of I CTL in response to changes in extracellular K ϩ , using tail-current protocols (Fig. 5, A and B) . The tail currents revealed a reversal potential of Ϫ72 Ϯ 2.1 mV with [K ϩ ] o ϭ 5.5 mM, Ϫ14 Ϯ 1.7 mV with Fig. 5 . K dependence of ICTL. Reversal potentials at different extracellular K ϩ concentrations were obtained by using tail-current measurements evoked by applying a short, depolarizing pulse (100 ms) to ϩ20 mV followed by repolarizing pulses (200 ms) from Ϫ20 to Ϫ80 in 20-mV increments. CTL-sensitive currents were obtained by subtraction. (Fig. 5C ). The time constant of activation from Ϫ60 mV to ϩ20 mV was 87.5 Ϯ 8.0 ms, ranging from 79 to 96 ms at 40 mV (n ϭ 4). Repolarization to different potentials revealed tail currents (extrapolated to t ϭ 0 of repolarization) that showed a deactivation time constant of 36.7 Ϯ 6.5 ms when the potential was switched from ϩ20 to Ϫ80 mV (Fig. 5D) . The time constant was voltage sensitive (Fig. 5D) ; it was 120 Ϯ 5 ms when the tail current was assessed with a voltage drop from ϩ20 to Ϫ20 mV. The time constant of deactivation of ERG currents, studied during this same period, was 7.4 Ϯ 4.8 ms (n ϭ 7).
Pacemaker ICC undergo rhythmic changes in intracellular calcium (39, 46 (Fig. 6Ab) . Outward currents were markedly increased with increase of intracellular calcium (Fig. 6Ac) . In six cells, the seal was maintained long enough to assess the effect of CTL. CTL inhibited the calcium-induced current by 40.0 Ϯ 12.6% (P Ͻ 0.01). Consistent with these results, the calcium ionophore A-23187 (10 M) caused a time-dependent increase in the outward currents (Fig. 6B, a-c) .
The A-23187-induced currents were sensitive to CTL (Fig. 6B,  d and e) . Effect of nitric oxide on I CTL. Nitric oxide is an important second messenger for ICC that may increase intracellular calcium, thereby influencing K conductance (25) . ICC also have synapse-like contact with nitrergic nerves, indicating a potential role for nitrergic nerves in affecting K ϩ currents in ICC. The nitric oxide donor sodium nitroprusside (SNP; 100 M) had a marked effect on the amplitude of depolarizationactivated I CTL (Fig. 7) . Under physiological conditions (standard solutions), SNP (100 M) increased the outward currents (Fig. 7B ) by 162 Ϯ 66% at ϩ40 mV (n ϭ 10; P Ͻ 0.001).
IbTX and E-4031 reduced currents in the presence of SNP by Ͻ10%. Subsequent addition of CTL (1 M) strongly inhibited the currents (Fig. 7 , D and E; n ϭ 7; P Ͻ 0.05) at 0 mV. CTL-sensitive single-channel activity. When cells were superfused with standard solution in which calcium was omitted, single-channel activity could be occasionally discerned in the whole cell recording (Fig. 8A) . The single-channel conductance was 32 Ϯ 2 pS (n ϭ 6). Addition of extracellular calcium evoked an increase in channel activity (Fig. 8B) without changing the single-channel conductance significantly (38 Ϯ 5 pS; n ϭ 6; Fig. 8D ). Thereafter, SNP was added and a marked increase in single-channel activity was observed ( Fig. 8C; n ϭ  4) . The single-channel conductance in the presence of SNP was 39 Ϯ 2 pS.
In a separate series of cell-attached experiments, singlechannel activity was observed in the presence of high K (140 mM) in bath and pipette by using ramp protocols (Fig. 8, E and F) and pulse protocols (Fig. 8, G-J) . SNP invariably increased single-channel activity, which showed a single-channel conductance of 40 Ϯ 2 pS that was inhibited by CTL (1 M; n ϭ 5). A typical experiment illustrating the effects of CTL in the cell-attached configuration, followed by omission of Ca 2ϩ in the inside-out configuration, is presented in Fig. 8 , G-J. The single-channel currents were detected in the cell-attached configuration during an uninterrupted 2-min recording at different holding potentials and revealed a unitary conductance of 37.9 pS. CTL (1 M) inhibited the single-channel activity (Fig. 8H) . Channel activity recovered after switching to the inside-out configuration with washout of CTL; in subjecting the membrane patch to a solution without Ca 2ϩ but with EGTA (1 mM), the open probability reduced from 0.64 to 0.17 (Fig. 8J) .
DISCUSSION
Isolated ICC in short-term culture associated with explants (48) and ICC in situ (present study), as well as chemically isolated ICC after short-term culture (15) , show spontaneous rhythmic inward currents in voltage clamp and rhythmic voltage oscillations in current clamp. These rhythmic inward currents are often followed by a transient rebound outward current as shown in Fig. 2 . This outward current was blocked in a dose-dependent manner by CTL, indicating that an I CTL is an important component of pacemaker activity in ICC. Indeed, CTL depolarized the ICC, prolonged the slow-wave duration, and increased the amplitude of the net inward currents, indicating that I CTL has a strong influence on the excitability of ICC. I CTL markedly increased when the intracellular calcium concentration was increased, and single-channel activity indicated the channel to be intermediate (ϳ38 pS) in conductance; hence I CTL in ICC is generated by an intermediate-conductance K Ca . The I CTL is small at membrane potentials of approximately Ϫ50 mV, where the slow-wave plateau potential resides. However, with an estimated input resistance of ICC of 1 G⍀, small currents can have a physiologically significant effect: a 4-pA current can change the membrane potential 4 mV. The kinetics of the single-channel activity needs further study. The ion channels that are active in ICC are beginning to be identified, but little is still known about K channel activity (6, 29) . It was noted that dialyzing calcium into ICC caused a persistent outward current, probably due to Ca-activated K channels expressed by ICC (29) . The present study suggests that this may in part be mediated by a CTL-sensitive K Ca current. Immunohistochemical evidence suggests that ICC also harbor the BK Ca (5) . In addition, there is a strong presence of the ERG K channel (21, 48) . The present study concludes that in ϳ40% of ICC, the CTL-sensitive IK Ca is dominant. The presence of a dominant IK Ca can be predicted when the current-voltage curve shows inward rectification at depolarized potentials.
The electrophysiological basis for pacemaker activity in ICC is likely dominated by calcium-activated ion channels. ICC harbor cytosolic Ca 2ϩ oscillations that are synchronous with the spontaneous cyclic membrane depolarizations (39, 46) . Membrane depolarizations are likely associated with calciumactivated chloride channels (12, 38, 50) as well as nonselective cation channels activated by a decrease in intracellular calcium (13) , possibly mediated by ion channels from the transient receptor potential family (43) . The effect of CTL on the pacemaker activity suggests that CTL-sensitive K Ca channels influence the duration and frequency of the pacemaker activity. CTL was recently noted to affect TRPM2, a member of the transient receptor potential ion-channel family (10) . However, the concentration of CTL needed to have this effect was much higher than needed for blockade of IK Ca , and the effect was irreversible. The effect of CTL described in the present study was reversible.
It is of significant importance that nitric oxide can modulate the IK Ca in ICC as reported in the present study. Not only does this indicate that nitric oxide as a neurotransmitter can reduce ICC excitability by increasing the activity of IK Ca , but it also indicates that nitric oxide as an intracellular second messenger in ICC (5) can regulate ICC excitability. Nitric oxide may act directly or through increase in intracellular calcium (25) . Inhibitory innervation of pacemaker ICC was shown in the canine colon (11) and was shown to be mediated by intramuscular ICC in the mouse small intestine (2); the present study helps clarify the mechanism of nitric oxide-mediated inhibition. It is not uncommon that K channels can be modified by nitric oxide (3, 28, 30) . Stretch-dependent K channels (not activated by calcium) in murine colonic smooth muscle cells also were activated by SNP (14) . Nitric oxide also suppressed activity of a calcium-stimulated chloride current in smooth muscle cells of the opossum esophagus (47) . Hence it is likely that both nitric oxide and Ca 2ϩ regulate pacemaker-associated ion channels in an interdependent manner. The overall effect of release of nitric oxide into the muscle layers of the small intestine will also be mediated by actions of nitric oxide on smooth muscle cells and ICC associated with the dorsal motor plexus.
The molecular nature of the K Ca channel(s) in ICC is not yet known. It is likely that a variety of K Ca channels are blocked by CTL. In many cell types, mostly nonexcitable cells, the K Ca channel is voltage independent (32); in other cells, such as PC-12 cells (26) and breast cancer cells (MCF-7) (23), it is an outwardly rectifying channel. In mouse ileum smooth muscle cells, an intermediate-conductance K channel was shown to be Ca dependent with a unitary conductance of 40 pS (42) . This study measured single-channel activity; since the open probability increased with depolarization, it appeared to be outwardly rectifying. Depolarization increased both open probability and mean open time of calcium-activated potassium channels in single smooth muscle cells of rabbit jejunum and guinea pig mesenteric artery (1) . The importance of calciumactivated K channels in enteric nerves has long been recognized (4) . A CTL-sensitive IK Ca in myenteric sensory neurons in the mouse appeared to be poorly voltage sensitive (20) . Its function is likely to mediate the slow afterhyperpolarization (20, 22) . IK Ca is also present in visceral sensory afferent neurons (9) , where it is suggested to be voltage independent. Interestingly, in the present study, in three cells, an I CTL was present that had a linear current-voltage relationship positive to Ϫ40 mV. However, in the vast majority of ICC, I CTL increased in amplitude on depolarization, starting at approximately Ϫ40 mV, and showed inward rectification at depolarized potentials positive to 0 mV. Inward rectification at depolarized potentials is a property of several ion channels. Canine ERG channels studied in transfected HEK-293 cells (44) revealed depolarization-inducing inward rectification. The I CTL identified in the present study was not sensitive to E-4031, and ERG currents studied in ICC did not show inward rectification at depolarized potentials (Ref. 21 and Park S and Huizinga JD, unpublished observations).
There is little doubt that ICC are linked to the pathophysiology of gut motor dysfunction (18, 37) . In tissue from numerous patients with a variety of motor disorders, ICC have been shown to be injured and/or decreased in number (27) . Mechanistically, however, little is still known about the role that ICC might play in pathophysiology. Of interest is a recent publication that showed ICC of the human colon to be highly immunopositive for the small-conductance calcium-dependent K channel (SK3) (24) . SK3 immunopositivity was markedly reduced in ICC in patients with Hirschsprung's disease (24) . Because of the importance of K Ca channels in the regulation of excitability in ICC (present study), nerves (20) , and smooth muscle (6) , further studies may reveal a role for IK Ca in the pathophysiology of intestinal motor disorders.
In summary, the present study demonstrates that an I CTL is present in ICC that is characterized as an intermediate-conductance K Ca channel. A defining characteristic is a strong inward rectification at depolarized potentials. I CTL in ICC may be an important regulator of ICC excitability and pacemaker activity and is strongly affected by voltage, calcium, and nitric oxide.
